The phospholipid metabolism of a measles virus persistently infected cell line, BGM/Hall6, was compared with that of uninfected BGM cells. Synthesis of phospholipid from the isotopic precursor [32p]phosphate was unaffected, but a significant increase in the synthesis of phospholipid from [3H-9,10(n)]palmitic acid was observed in persistently infected cells, reflecting an increase in the palmitic acid content of phospholipid previously described for these cells. The phospholipid composition of measles virus released from persistently infected cells was compared to that of virus from lytically infected BGM cells by radiolabelling to isotopic equilibrium and measuring the incorporation of labelled phosphatides into the virus particle. The incorporation and distribution of [32p]phosphate-labelled phosphatides in virus was similar in lytic and persistent infections. In contrast, the distribution of [3H]palmitic acid among the constituent phosphatides of virus released from the persistent infection was different, partly reflecting the altered saturated fatty acid composition of the phosphatides of the host cell.
INTRODUCTION
A measles virus (Hall~ strain) persistent infection of the African green monkey kidney cell line BGM has been established and maintained in culture for over 4 years in our laboratory (Wild & Dugr~, 1978; Wild et al., 1981) . At early passages, more than 95 % of the cells were found to contain measles antigen. The synthesis and expression of the virus polypeptides, measured by immunoprecipitation and polyacrylamide gel electrophoresis of [35S]methionine and 125I surface-labelled infected cells was similar to that in BGM cells lyrically infected with the Hall6 strain (Wild & Greenland, 1979; Wild et al., 1981) . However, the phospholipid fatty acid composition of persistently infected cells was altered, the palmitic acid content of total phospholipid, phosphatidylcholine (PC) and phosphatidylethanolamine (PE) being significantly increased in comparison to lyrically infected cells and uninfected cells (Anderton et al., 1981) . The phosphatide composition of phospholipid was not significantly changed. In this study, we have set out to determine whether the alteration in composition is due to fatty acid metabolism, and whether it is reflected by the composition of the envelope of released virus.
METHODS

Cells and virus. BGM, an
African green monkey kidney cell line, and its derivative measles virus persistently infected line (BGM/Hall6) were cultivated as described previously (Wild & Dugr6, 1978) . BGM cells were lyrically infected with Hall~ by inoculation at 0.1 p.f.u./cell.
Radiolabelling. Confluent cell cultures were labelled either with [32p]phosphate (CEA, Saclay, France) at 4 gCi/ml in a 9 : 9 : 2 (by vol.) mixture of Eagle's minimal essential medium (MEM), BHK-21 phosphate-free medium (Flo-bio) and dialysed calf serum (Gibco), or with [3H-9,10(n)]palmitic acid (300 mCi/mmol; Amersham International) at 4 /~Ci/ml in MEM supplemented with 2 % (v/v) foetal calf serum (Gibco). Foetal calf serum was taken from the same batch in order to avoid changes in fatty acid composition. In equilibrium radiolabelling experiments the medium was changed every 24 h.
Harvesting. Cell monolayers were washed twice in ice-cold 0-14 M-NaCI, which contained delipidized bovine serum albumin at a concentration of 0.14 mg/1 (in [3H]palmitic acid labelling experiments). The cells were scraped into glass tubes and pelleted by low-speed centrifugation (2000 rev/min, 10 min). Virus was harvested from the medium.
Purification of virus.
All operations were carried out at 4 ° C. The medium was clarified by centrifugation at 2000 rev/min for 10 min and then precipitated with an equal volume of saturated ammonium sulphate adjusted to pH 7.6. Following centrifugation at 5000 rev/min for 30 min, the precipitate was resuspended in ST buffer (0.02 M-Tris, 0.15 M-NaC1 pH 7.6) and clarified in a bench centrifuge at 3000 rev/min for 15 min. Virus was centrifuged through 30% (w/v) sucrose/ST on to a 60% (w/v) sucrose pad in an SW27 rotor at 25 000 rev/min for 2 h, removed and diluted threefold with ST buffer, and centrifuged on a continuous 30 to 60% (w/v) sucrose/ST gradient for a further 15 h in an SW41 rotor at 35000 rev/min. Aliquots to the fractionated gradient were assayed for radioactivity, haemagglutination and infectivity (by plaque assay). Virus prepared by this method is of acceptable purity (Wild & Greenland, 1979) . Fractions corresponding to the peak of infectivity were pooled, and sucrose removed by dilution in ST buffer and ultracentrifugation at 35 000 rev/min in the SW41 rotor for 2 h. The supernatant was poured off and the washing step repeated.
Extraction of lipid.
Lipid was extracted in 2:1 (v/v) chloroform :methanol by a modification of Folch's method (Anderton et al., 1981) . The washed organic phase was evaporated to dryness in a rotary evaporator, and the lipid extract stored in a minimum volume of 2 : 1 (v/v) benzene :methanol in a stoppered round-bottomed flask at -70 °C.
Extraction of phosphorylated precursors and total phospholipid. Precursors of phospholipid phosphorylation were extracted from perchloric acid-soluble material by biphasic separation and conversion of inorganic phosphate to phosphomolybdic acid (Martin & Doty, 1949; Abdul-Malak, 1978) . Phospholipid was extracted from perchloric acidprecipitated material in 1 : 1 (v/v) chloroform : methanol.
Separation of lipid fatty acid precursors and total phospholipid. Lipid extracts were resolved into classes of polar and neutral species by one-dimensional thin-layer chromatography on ultra-pure silica gel glass-backed G60 plates (Merck) in diethyl ether for the first 3 cm, followed by 90 : 10 : 1 (by vol.) hexane : diethyl ether : acetic acid.
Separation of phospholipid into constituent phosphatides. Phosphatides were resolved by two-dimensional thin-layer chromatography on silica gel G60 plates using solvents previously described by Skipski et aL (1963) and Portoukalian et al. (1977) . The phosphatides were located by autoradiography on Curix RP-2 film (Agfa-Gevaert) preflashed to increase sensitivity. 3H radioactivity was further enhanced by spraying the chromatography plate with 5 ml 7 % (w/v) PPO/methanol prior to exposure. The position of the phosphatide spots was verified by co-chromatography with phosphatide standards.
Radioactive counting. Liquid samples were counted in Picofluor scintillation fluid (Packard). Phosphatides were counted in the presence of silica gel by scraping into a scintillation vial and suspending in 4 ml water and 8 ml Instagel (Beckman). Counting efficiency was determined by the external standard channels ratio method.
Quantitative estimation of phospholipid and phosphatides. Phospholipid was estimated as organic phosphate by the method of Bartlett (1959) modified so as to increase sensitivity. Mineralization was carried out in the presence of silica gel, which was subsequently removed by low-speed centrifugation (Portoukalian et aI., 1978 estimations of virus protein, sensitivity was increased by digestion in 0.3 ml 1 M-NaOH for 30 min prior to determination, with omission of NaOH from the first reagent.
RESULTS
Synthesis of phospholipid
The synthesis of phospholipid in measles virus persistently infected cells (BGM/Hall6) was compared with that in the uninfected cell line, BGM. Synthesis was measured as the increase with time of the specific activity (d/min/nmol) of phospholipid labelled with either [3H-9,10(n)]palmitic acid or [32P]phosphate.
Incorporation of these radiotracers into phospholipid during a 4 h labelling period is shown in Fig. 1 . During the first hour of labelling, the rate of incorporation of [3Hlpalmitic acid into phospholipid was significantly increased in persistently infected cells. Increases of similar magnitude were observed in PC and PE, the major component phosphatides of BGM cells.
At later times, synthesis of phospholipid from [3H]palmitic acid was found to decrease in both uninfected and persistently infected cells. This was due to the compartmentalization of the isotopic precursor into the free fatty acid pool (results not shown). In contrast, the incorporation of [32p]phosphate into phospholipid was not significantly increased in persistently infected cells. The synthesis of PC and PE from [32p]phosphate was also unaffected (results not shown).
Estimation of phospholipid composition by equilibrium radiolabelling: attainment of isotopic equilibrium
We were interested in determining whether the phospholipid fatty acid composition of virus synthesized in persistently infected cells reflected the modified composition of its host. Quantitative gravimetric analysis of envelope lipid was not possible, due to insufficient material. As an alternative, it was necessary to label the host cell to isotopic equilibrium and to measure the incorporation of radiolabelled phosphatides into the virus particle. (The conditions under which isotopic equilibrium was attained are described in the legends to Fig.  2 to 5 .)
The incorporation of [3H]palmitic acid into lipid precursors of phospholipid synthesis is shown in Fig. 2 . Incorporation into both free fatty acid and diglyceride fractions (d/min/~g protein) reached a maximum after 48 h labelling in both persistently infected and uninfected cells. Incorporation into the triglyceride fraction was initially greater in persistently infected cells, but similar rates of incorporation were observed in both persistently infected and uninfected cells 48 h after the onset of labelling. A maximum was not attained in either cell line during a radiolabelling period of 96 h. The synthesis of phospholipid from triglyceride occurs by way of deacylation of triglyceride to form diglyceride, and phosphorylcholine or phosphorylethanolamine is donated by the CDP-intermediate. However, our results show that incorporation of [3H]palmitic acid into the diglyceride pool was constant after 48 h labelling, suggesting that the reconversion of triglyceride to phospholipid was negligible. Furthermore, the incorporation of [3H]palmitic acid into phospholipid reached a maximum after 96 h labelling.
The incorporation of [32P]phosphate into the pools of precursors of phosphorylation of phospholipid is shown in Fig. 3 . Incorporation into the acid-soluble organic phosphate (nucleoside phosphate) and inorganic phosphate pools was similar in uninfected and persistently infected cells, reaching maximum values at 48 and 53 h respectively, after the onset of labelling. Incorporated radioactivity reached a maximum in the phospholipid fraction at 72h.
These results show that isotopic equilibrium was attained with [3H]palmitic acid and 
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._o phosphate at 4 /ICi/ml for the specific times, washed, harvested and pelleted by low-speed centrifugation as described in Methods. Lipid was extracted according to the slightly modified method of Folch (Anderton et al., 1981) . Phospholipid was resolved into phosphatides by two-dimensional thin-layer chromatography. Spots of silica gel were scraped down and either counted for radioactivity in Instagel, or estimated for phosphate according to the modified micro method of Bartlett (1959) . Results are the means of four values + standard error. D, Uninfected cells; II, measles virus persistently infected cells.
[~2P]phosphate in both uninfected and persistently infected cells. In order to show that incorporated radioactivity was evenly distributed between the phosphatide classes, the specific activities of the major constituent phosphatides of BGM cells, PC, PE, sphingomyelin (SM) and phosphatidylserine (PS) were calculated, and compared in uninfected and persistently infected cells. In both [32plphosphate and [3Hlpalmitic acid labelling experiments, the specific activities of these phosphatides (d/min/nmol) reached maximum values at 72 h, suggesting that an equilibrium distribution of radioactivity was attained within the phosphatide classes (Fig. 4 and 5) .
Fatty acid composition of phospholipid in the host cells
The maximum specific activities of total phospholipid and phosphatides were compared in persistently :~ Results from Anderton et al. (1981) .
acid-labelled fatty acid residues per mole of phospholipid. The results in Table 1 give the means of determinations made after labelling periods of 72 and 96 h. Where possible, the 3H/32P ratio was compared with the percentage composition of fatty acid estimated by gas-liquid chromatography. A close correspondence with saturated fatty acid (palmitic, C16:0 , and stearic, C~8:0 ) content was observed for PC, PE, PS, phosphatidylinositol (PI) and total phospholipid in both uninfected and persistently infected cells. This suggests that stearic acid is synthesized from [3H]palmitic acid and is maximally labelled at isotopic equilibrium. 
Phospholipid composition of measles virus
The phospholipid composition of the measles virus envelope was estimated by measuring the incorporation of radiolabelled phosphatides into virus particles released from the host cell at isotopic equilibrium. The phospholipid composition of measles virus released from persistently infected cells was compared with that of virus released from lytically infected BGM cells by this method. For this, BGM cells were prelabelled with either [32p]phosphate or [~H]palmitic acid for 48 h before inoculation with measles virus (strain Hallt). Labelling was continued throughout the infection. Isotopic equilibrium was attained after 72 h labelling (24 h post-infection). The maximum specific activities of the constituent phosphatides were not significantly different from those of uninfected cells (results not shown). In both persistent and lytic infections, virus released into the medium during the 72 to 96 h labelling period was harvested and purified for analysis.
The phospholipid compositions of measles virus released from lytic and persistent infections are compared in Table 2 . The incorporation of 32p-labelled phosphatides into virus was similar in both types of infection. The percentage distribution of radioactivity between the phosphatides was also similar, except for lysophosphatidylcholine (LPC), whose content was decreased in virus from the persistent infection. The incorporation of [3H]palmitic acid label into virus was significantly greater in virus from the persistent infection compared to that from the lytic infection, and the percentage distribution of the radioisotope among the phospharide classes was also altered. Estimation of saturated fatty acid content by calculation of the 3H/32p ratio of incorporated radioactivity showed that those of LPC, PC and PE were increased in virus released from the persistent infection, while those of SM and PI were decreased. Comparison with Table 1 shows that, in general, the saturated fatty acid cornpositions of virus phosphatides reflect those of their host in both lyric and persistent infections. The only notable exception is found in the PE fraction in virus released from the persistent infection, where the saturated fatty acid composition is significantly greater than that of the host cell.
DISCUSSION
These results show that the synthesis of phospholipid from [3H]palmitic acid is increased in measles virus persistently infected BGM cells, reflecting the previously described increase in Phospholipids, measles virus and persistence 257 palmitic acid content (Anderton et al., 1981) . Increases in palmitic acid content of choline and ethanolamine phospholipids have been described in white matter of the brains of patients suffering from subacute sclerosing panencephalitis (SSPE) (Svennerholm et al., 1970) and multiple sclerosis (Gerstl et al., 1970 ; for review, see Mertin & Meade, 1977) . However, it is not known whether fatty acids are a specific indicator of pathological changes within the cell. The distribution of the major phosphatides of the measles virus envelope was similar in persistent and lytic infection (Table 2) . A previous study by Ledeen et al. (1976) showed that the contents of SM, PC and PE of Edmonston and Hall6 strains of measles virus grown in CV-1 (monkey kidney) cells were similar. It would thus appear that the strategy of removal of phosphatides during envelopment is the same in wild-type and SSPE strains. LPC is a minor component phospholipid which accompanies cell lysis. It is not known whether the threefold difference in LPC content between lytic and persistent infections may alter the potential of the virus to promote cell fusion, as has previously been suggested 197 l;  for review, see Poste & Allison, 1973) .
The striking differences in the saturated fatty acid compositions of virus phosphatides in persistent and lytic infections might influence the architecture or rigidity of the virus envelope. It is known that lipids are the predominant determinants of virus envelope rigidity (Landsberger et al., 1973; Patzer et aL, 1978) and that alteration of the fatty acid composition may bring about disruption of the virus envelope (Blough & Tiffany, 1969; Kohn et al., 1980) . Saturated fatty acids are distributed asymmetrically across the virus envelope; biophysical studies suggest that the areas occupied by the acyl chains affect the packing and possibly the asymmetric distribution of phosphatides. The apparent selection of highly saturated molecular species of PE in virus released from persistently infected cells might result from an interaction of virus glycoprotein with the acyl chains, originally proposed by Blough & Tiffany (1973) . Recent measurements of protein-lipid interactions by fluorescence polarization, electron spin resonance and nuclear magnetic resonance spectroscopy have demonstrated that the rotational motion of phospholipid acyl chains is restricted by integral membrane proteins (for review, see Kinosita et al., 1981) .
The acyl chain composition of Newcastle disease virus has recently been shown to affect the biological properties of its surface glycoproteins (Blenkharn & Apostolov, 1980 . We propose to study whether the lipid-associated biological activity of the measles virus F 1 (fusion) protein (Hall & Martin, 1974; Norrby & Gollmar, 1975) can be modulated by changing the saturated fatty acid composition of the virus envelope.
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